Abstract dkk-1 has recently been identi®ed as a secreted protein in Xenopus laevis which is suf®cient and necessary to cause head induction by antagonizing Wnt signalling (Glinka et al., 1998, Nature 391, 357±362). Consistent with such a role dkk-1 is expressed in the Spemann organizer of the early frog gastrula. Later, expression can be observed in an endomesodermal domain corresponding to the prospective prechordal plate, in two longitudinal stripes¯anking the anterior chordamesoderm and in the precursors of the liver. At late neurula stage expression occurs in the prechordal plate adjacent to the prospective forebrain and eyes and in a stripe corresponding to the forming somites. dkk-1 is part of a gene family with at least three family members which is conserved between species. Its mouse homologue, Dkk-1, is ®rst expressed at embryonic day (E) 6.5 in mesodermal cells adjacent to the embryonic/extraembryonic junction. Starting at E7.5 transcripts can be detected in the head mesoderm and at E8.5 additionally in developing somites (Glinka et al., 1998, Nature 391, 357±362). In this study we focus on the highly dynamic pattern of Dkk-1 mRNA distribution during mouse limb development from E9.0±E14.5. The other currently known family members, Dkk-2 and -3, are not expressed in the limb bud before E11.5 (C. Niehrs, pers. commun.) while the limb pattern is established. We show that Dkk-1 expression starts with the ®rst sign of forelimb budding, whereas in the presumptive hindlimb region transcription becomes already apparent before the limb starts to bud out. Expression then becomes con®ned to two mesenchymal domains at E10.5 and E11.5. Using double-whole mount in situ hybridization we show that the posterior Dkk-1 expression domain initially overlaps with that of Shh, one of the key signalling molecules in limb development. Later, the two expression domains become separated. At E12.5±E14.5 Dkk-1 transcripts are restricted to the interdigital mesenchyme. q
Results
At E9.0, just before forelimb budding starts, Dkk-1 transcripts are restricted to the ventral diencephalon and the presomitic mesoderm (Fig. 1A) . However, no expression can be observed in the trunk mesoderm at the level of the presumptive limb buds. Half a day later, coinciding with the ®rst sign of limb budding, a thin stripe of lateral plate mesoderm cells at the very proximal margin of the forelimb bud shows expression of Dkk-1 (Fig. 1C) . A second expression domain is located at the posterior ventral part of the newly formed limb (Fig. 1B,C) . Moreover, a similar band of Dkk-1 expressing cells can be detected at the level of the presumptive hindlimb, caudal to somite 19 (Fig. 1B) . Thus, even before a morphologically distinct bud is visible, Dkk-1 expression can be observed in the prospective hindlimb region. Strikingly, Dkk-1 transcripts are restricted to the fore and hindlimb ®eld. No expression can be observed in the interlimb¯ank mesoderm.
As limb development proceeds, expression of Dkk-1 becomes more con®ned. At E10.5 transcripts are restricted to two mesenchymal domains within the fore and hindlimb buds (Figs. 1D and 2C ). The ®rst expression domain is located at the very anterior proximal margin, the second at the posterior part of the limb bud. Initially, this latter domain extends distally before it becomes restricted to the proximal region (compare Fig. 1D ,E with the scheme in Fig.  2D ). At this stage and also at E11.5, expression of Dkk-1 is clearly polarized with the posterior domain showing stronger staining for Dkk-1 transcripts than the anterior (Fig. 1D ). At infrequent levels we observe an inversion of this asymmetry in the hindlimb (data not shown). At E11.5 the expression level starts to decrease in the anterior domain of the forelimb (Fig. 1E ). Moreover, a faint expression domain is present within the¯ank mesoderm. In the hindlimb both, the anterior as well as the posterior domains are still present (Fig. 2D) .
At E12.5 expression in these domains fades, whereas Dkk-1 expression starts in the interdigital mesenchyme E-mail address: ruether@uni-duesseldorf.de (U. Ru Èther) (Fig. 1F,G) . This restricted pattern is maintained up to E14.5 (Fig. 1H ). The position of the posterior expression domain within the limb mesenchyme led us to investigate its spatial relationship to the zone of polarizing activity (ZPA). On the molecular level Shh has been shown to be a marker of the ZPA and to mediate the polarizing activity (Riddle et al., 1993) . Therefore, we performed double-whole mount in situ hybridization on E10.5 and E11.5 limbs using Dkk-1 and Shh probes. In E10.5 hindlimbs the Dkk-1 and Shh expression domains partially overlap ( Fig. 2A ,B,D) whereas in E10.5 forelimbs the Dkk-1 expression domain is proximally restricted and separated from the Shh expression domain ( Fig. 2A,C,D) . The separation of these two domains is maintained in E11.5 fore and hindlimbs (data not shown).
Methods

Mice
C57B16/C3H mice were interbred and embryos isolated at the desired stage. Midday of the day of vaginal plug appearance was assumed as E0.5.
Whole mount in situ hybridizations
Whole mount in situ hybridizations were performed according to standard procedures (Xu and Wilkinson, 1998) .
E12.5 embryos and separated limbs older than E12.5 were bleached in 6% H 2 O 2 in PBT (PBS 1 1% Tween-20). The limbs of embryos older than E12.5 were additionally treated with 10 mg/ml Proteinase K. This step was omitted with the younger stages.
Digoxygenin and¯uorescein labeled antisense RNAs were generated according to the manufacturer's instructions (Roche Molecular Biochemicals) from Dkk-1 (Glinka et al., 1998) and Shh (Echelard et al., 1993) cDNAs, respectively. Double in situ hybridizations were performed according to Hecksher-Sorensen et al. (1998) with modi®cations. Colour reaction of the¯uorescein labeled probe occurred in 3.5 ml/ml BCIP (Roche Molecular Biochemicals) whereas the digoxygenin labeled probe was detected with NBT/BCIP (Roche Molecular Biochemicals).
